Mitochondrial Ca 2ϩ ([Ca 2ϩ ] m ) regulates oxidative phosphorylation and thus contributes to energy supply and demand matching in cardiac myocytes. Mitochondria take up Ca 2ϩ via the Ca 2ϩ uniporter (MCU) and extrude it through the mitochondrial Na ϩ /Ca 2ϩ exchanger (mNCE). It is controversial whether mitochondria take up Ca 2ϩ rapidly, on a beat-to-beat basis, or slowly, by temporally integrating cytosolic Ca 2ϩ ([Ca 2ϩ ] c ) transients. Furthermore, although mitochondrial Ca 2ϩ efflux is governed by mNCE, it is unknown whether elevated intracellular Na ϩ ([Na ϩ ] i ) affects mitochondrial Ca 2ϩ uptake and bioenergetics. To monitor [Ca 2ϩ ] m , mitochondria of guinea pig cardiac myocytes were loaded with rhod-2-acetoxymethyl ester (rhod-2 AM), and [Ca 2ϩ ] c was monitored with indo-1 after dialyzing rhod-2 out of the cytoplasm. [Ca 2ϩ ] c transients, elicited by voltage-clamp depolarizations, were accompanied by fast [Ca 2ϩ ] m transients, whose amplitude (⌬) correlated linearly with ⌬[Ca 2ϩ ] c . Under ␤-adrenergic stimulation, [Ca 2ϩ ] m decay was Ϸ2.5-fold slower than that of [Ca 2ϩ ] c , leading to diastolic accumulation of [Ca 2ϩ ] m when amplitude or frequency of ⌬[Ca 2ϩ ] c increased. The MCU blocker Ru360 reduced ⌬[Ca 2ϩ ] m and increased ⌬[Ca 2ϩ ] c , whereas the mNCE inhibitor CGP-37157 potentiated diastolic [Ca 2ϩ ] m accumulation. Elevating [Na ϩ ] i from 5 to 15 mmol/L accelerated mitochondrial Ca 2ϩ decay, thus decreasing systolic and diastolic [Ca 2ϩ ] m . In response to gradual or abrupt changes of workload, reduced nicotinamide-adenine dinucleotide (NADH) levels were maintained at 5 mmol/L [Na ϩ ] i , but at 15 mmol/L, the NADH pool was partially oxidized. The results indicate that (1) mitochondria take up Ca 2ϩ rapidly and contribute to fast buffering during a [Ca 2ϩ ] c transient; and (2) elevated [Na ϩ ] i impairs mitochondrial Ca 2ϩ uptake, with consequent effects on energy supply and demand matching. The latter effect may have implications for cardiac diseases with elevated [Na ϩ ] i . (Circ Res. 2006;99:172-182.)
the frequency and/or amplitude of [Ca 2ϩ ] c transients, was observed. In contrast, other studies 18 -22 reported rapid [Ca 2ϩ ] m transients that closely followed [Ca 2ϩ ] c with similar kinetics.
In this context, the spatiotemporal organization of Ca 2ϩhandling proteins in "microdomains" may be of relevance for mitochondrial Ca 2ϩ uptake. In the junctional cleft between L-type Ca 2ϩ channels and ryanodine receptors (RyRs) of the SR, [Ca 2ϩ ] peaks 10 to 20 ms after the onset of the action potential at concentrations of Ϸ50 to 100 mol/L. 12, 23 This brief "junctional Ca 2ϩ " pulse is shaped by the diffusion of Ca 2ϩ to the cytosolic bulk space. 23 Experiments on permeabilized myocytes 24 and H9c2 myotubes [25] [26] [27] suggested that mitochondria are located Ϸ40 to 300 nm from the dyadic junction 24 and exposed to [Ca 2ϩ ] of Ϸ30 to 50 mol/L, clearly exceeding bulk [Ca 2ϩ ] c . 25, 27 This concept of a "mitochondrial microdomain" with high [Ca 2ϩ ] is already well established in various noncardiac cell types, where the close vicinity of mitochondria to inositol 1,4,5-triphosphate (IP 3 ) receptors of the endoplasmic reticulum allows spatially and temporally organized Ca 2ϩ signal transmission and enables mitochondria to shape [Ca 2ϩ ] c . 28 Conversely, in cardiac myocytes, it is still widely believed that the flux of Ca 2ϩ leaving the cytosol by entering mitochondria is inconsequential with respect to EC coupling. 12, 14, 23 However, the quantitative impact of [Ca 2ϩ ] c buffering by mitochondria has neither been fully resolved 14, 27 nor has it been assessed in concert with its effects on bioenergetics. Thus, in the present study, we use a novel technique to monitor both [Ca 2ϩ ] c and [Ca 2ϩ ] m within the same cell to elucidate the kinetics of mitochondrial Ca 2ϩ uptake and its consequences for EC coupling.
Furthermore, because mitochondrial Ca 2ϩ efflux is governed by the mitochondrial Na ϩ /Ca 2ϩ exchanger (mNCE), we hypothesized that elevated [Na ϩ ] i may reduce steady-state [Ca 2ϩ ] m and consequently affect the regulation of oxidative phosphorylation. Hence, we tested whether elevated [Na ϩ ] i adversely affects energy supply and demand matching in cardiac cells, with potential implications for cardiac diseases such as hypertrophy and failure, 29 -31 in which intracellular [Na ϩ ] ([Na ϩ ] i ) is elevated.
Materials and Methods
An expanded Materials and Methods section is in the online data supplement, available at http://circres.ahajournals.org.
Briefly, isolated guinea pig cardiomyocytes were incubated with rhod-2-acetoxymethyl ester (rhod-2 AM) (3 mol/L) to monitor [Ca 2ϩ ] m . Using the patch-clamp technique, cytosolic traces of rhod-2 were eliminated by whole-cell dialysis with a pipette solution containing indo-1 (75 mol/L) to monitor [Ca 2ϩ ] c . To measure NADH autofluorescence together with [Ca 2ϩ ] m , myocytes were dialyzed with dye-free pipette solution. To determine ⌬⌿ m , cells were incubated with tetramethyl rhodamine methyl ester (TMRM) (50 nmol/L). [Ca 2ϩ ] c transients were elicited by voltage steps from Ϫ80 mV to ϩ10 mV at 1 to 4 Hz, in the absence and presence of isoproterenol (1 to 100 nmol/L).
Results

Rapid Kinetics of Mitochondrial Ca 2؉ Uptake
[Ca 2ϩ ] c and [Ca 2ϩ ] m were recorded in the same cell using the dual dye loading of rhod-2 and indo-1. After pulsing at 1 Hz for 1 minute under control conditions, isoproterenol increased [Ca 2ϩ ] c transients ( Figure 2A ). Notably, even before isoproterenol application, a rapid [Ca 2ϩ ] m transient was observed during the [Ca 2ϩ ] c transient ( 
Inhibiting Mitochondrial Ca 2؉ Uptake
When Ru360, a specific inhibitor of the MCU, 32, 33 was added to the pipette solution (10 or 100 nmol/L), ⌬[Ca 2ϩ ] m was concentration-dependently decreased ( Figure 3B , 3F, and 3H), and diastolic accumulation of [Ca 2ϩ ] m was blunted ( Figure 3B ). This was associated with a prolonged TTP, but unchanged rate of decay of [Ca 2ϩ ] m ( Figure 3G , 3I, and 3J). Conversely, the amplitude of [Ca 2ϩ ] c transients was enhanced at 10 nmol/L but reduced at 100 nmol/L of Ru360 ( Figure 3A , 3E, and 3H). The TTP of [Ca 2ϩ ] c slightly shortened ( Figure  3I ), whereas the decay of [Ca 2ϩ ] c was prolonged at 100 nmol/L Ru360 ( Figure 3E and 3J). At 10 nmol/L Ru360, diastolic [Ca 2ϩ ] c was increased by Ϸ50 nmol/L throughout the experiment (inset in Figure 3A ). When ⌬[Ca 2ϩ ] c increased in response to isoproterenol, a transient occurrence of extrasystoles induced a reversible increase of diastolic [Ca 2ϩ ] c (between 240 and 360 seconds). At 100 nmol/L Ru360, however, these extrasystoles persisted throughout the rest of the experiment in 3 of 7 cells (not shown), resulting in an increase of diastolic [Ca 2ϩ ] c by up to Ϸ200 nmol/L (PϽ0.05; inset in Figure 3A ).
In the presence of Ru360, the slope of the linear relationship between ⌬[Ca 2ϩ ] m and ⌬[Ca 2ϩ ] c was reduced by 64% and 77% for 10 and 100 nmol/L, respectively ( Figure 3C 
Inhibiting Mitochondrial Ca 2؉ Efflux
[Ca 2ϩ ] m efflux in cardiac cells is governed by the mNCE. 8, 10 Intracellular application of CGP-37157 (1 mol/L), an inhibitor of the mNCE, 34 enhanced [Ca 2ϩ ] m accumulation at 3-Hz stimulation frequency ( Figure 4B ). It is of note that already before initiation of the pulse protocol (after equilibrating the cytosol with CGP-37157 for Ϸ10 minutes), resting [Ca 2ϩ ] m was elevated by 24% compared with control conditions (at timeϭ0, Figure 4B ; signals normalized to fluorescence before cell dialysis). Consistent with enhanced buffering of Ca 2ϩ in the mitochondrial compartment, ⌬[Ca 2ϩ ] c transients were reduced in the presence of CGP-37157 ( Figure 4A and 4C). Whereas [Ca 2ϩ ] c decay was unaffected by CGP-37157, the [Ca 2ϩ ] m decay was prolonged ( Figure 4E and 4F).
Increasing Stimulation Frequency
Because [Ca 2ϩ ] m decay was Ϸ2.5-fold slower than [Ca 2ϩ ] c decay during ␤-adrenergic stimulation ( Figure 2G and 2I), the stimulation frequency would be expected to have an important impact on diastolic accumulation of [Ca 2ϩ ] m . In fact, at 3 Hz, diastolic accumulation of [Ca 2ϩ ] m was substantially more pronounced than at 1 Hz (at comparable [Ca 2ϩ ] c ; supplemental Figure IX ).
Elevating [Na ؉ ] i
Because the mNCE governs mitochondrial Ca 2ϩ efflux 8,10 ( Figure 4 ), and [Na ϩ ] i is increased in various cardiac disease 
Implications for Mitochondrial Energetics
To estimate the consequences of reduced [Ca 2ϩ ] m for mitochondrial energetics, we determined the redox state of NADH/NAD ϩ ( Figure 6C ) and ⌬⌿ m ( Figure 6D ) using the Figure  6A and 6B). At 5 mmol/L [Na ϩ ] i , NADH was well maintained during the protocol ( Figure 6C ). In contrast, at 15 mmol/L [Na ϩ ] i , net oxidation of NADH occurred when workload increased in response to isoproterenol. NADH remained partially oxidized throughout the rest of the experiment at 15 mmol/L [Na ϩ ] i . In contrast, ⌬⌿ m was unaffected by ␤-adrenergic stimulation at either 5 or 15 mmol/L [Na ϩ ] i ( Figure 6D ).
To induce a more abrupt change in workload, we superfused resting myocytes with isoproterenol (100 nmol/L) and then paced cells at 4 Hz for 100 seconds ( Figure 7A At the onset of stimulation, rapid oxidation of NADH occurred ("undershoot"), followed by recovery of NADH in parallel with increasing [Ca 2ϩ ] m ( Figure 7A ). After cessation of stimulation, an "overshoot" of NADH was observed, followed by a gradual recovery toward the initial resting level. The recovery was preceded by a decline of [Ca 2ϩ ] m .
The stimulation protocol was extended to 200 seconds to allow more time for NADH recovery. At 15 mmol/L [Na ϩ ] i , mitochondrial Ca 2ϩ uptake was blunted ( Figure 7B and 7C, upper panels). The initial oxidation of NADH was potentiated, and the recovery of NADH was blunted or absent at higher [Na ϩ ] i ( Figure 7B and 7C, lower panels). In contrast, at 5 mmol/L [Na ϩ ] i , NADH was maintained, which was related to a less pronounced undershoot and a more prominent recovery of NADH after the onset of work.
Discussion
The key findings of the present study are that (1) mitochondria take up Ca 2ϩ rapidly and buffer [Ca 2ϩ ] c during EC coupling; (2) the kinetics of mitochondrial Ca 2ϩ uptake are compatible with the concept of a "mitochondrial microdomain" 24 -28 ; and (3) elevating [Na ϩ ] i reduces mitochondrial Ca 2ϩ uptake, which impairs the matching process of energy supply and demand by oxidizing the NADH/NAD ϩ redox potential. (Figure 4 ). These findings strongly support the contention that rhod-2 selectively reported changes in mitochondrial matrix Ca 2ϩ , the net effect of Ca 2ϩ uptake via the MCU and Ca 2ϩ efflux through the mNCE. Concerning the rapid beat-to-beat changes of [Ca 2ϩ ] m during EC coupling, the results differ from some previous studies [13] [14] [15] [16] [17] but are in general agreement with others. 18 -22 
Rapid Mitochondrial Ca 2؉ Transients
Mitochondrial Ca 2؉ -Uptake Kinetics
In the present study, the peak of [Ca 2ϩ ] m preceded the peak of [Ca 2ϩ ] c by Ϸ20 ms during ␤-adrenergic stimulation. It is rather unlikely that this observation is related to differential dye kinetics or buffering capacities of the mitochondrial matrix compared with the cytosol (as discussed in the online data supplement). Although previous studies reported rapid [Ca 2ϩ ] m transients during EC coupling, 18 -22 none of them observed [Ca 2ϩ ] m transients preceding [Ca 2ϩ ] c transients. In contrast, [Ca 2ϩ ] m transients typically followed the [Ca 2ϩ ] c transients with a lag of Ϸ20 to 50 ms. The reasons for this discrepancy are unclear, but in all but one 22 of these studies, [Ca 2ϩ ] c and [Ca 2ϩ ] m were not collected at the same time or in the same cell, and the temporal resolution of the signals was low, making it difficult to compare kinetics directly.
Other studies did not observe beat-to-beat changes of [Ca 2ϩ ] m during [Ca 2ϩ ] c transients at all. [13] [14] [15] [16] [17] In most of those studies, [13] [14] [15] [16] [Ca 2ϩ ] m was reported by indo-1 AM, and cytosolic indo-1 was quenched with MnCl 2 . However, Mn 2ϩ competes with Ca 2ϩ for the MCU and may be taken up into mitochondria as well. 4, 10 This could quench mitochondrial indo-1 and possibly inhibit the MCU. Because the mNCE is also inhibited by Mn 2ϩ , 10 mitochondrial Ca 2ϩ -transport kinetics may have been perturbed under these conditions. More- over, in 1 study 16 using the Mn 2ϩ -quench method, [Ca 2ϩ ] c was raised by reverse-mode Na ϩ /Ca 2ϩ exchange, which is unlikely to increase Ca 2ϩ in the vicinity of the mitochondria as much, or as quickly, as SR Ca 2ϩ release. 12, 16, 23 
Mitochondrial Ca 2؉ -Decay Kinetics
The decay of [Ca 2ϩ ] m was Ϸ2.5-fold slower than the decay of [Ca 2ϩ ] c (in the presence of isoproterenol). An increase of amplitude (Figures 2 through 6) or frequency (supplemental Figure IX) of [Ca 2ϩ ] c transients led to a stepwise accumulation of diastolic [Ca 2ϩ ] m . In response to ␤-adrenergic stimulation, SR Ca 2ϩ -ATPase velocity is substantially accelerated by protein kinase A (PKA)-mediated phosphorylation of phospholamban, 12 whereas acceleration of mNCE activity has not been reported. 8 13, 15, 21 In contrast, in studies reporting slow mitochondrial Ca 2ϩ -uptake kinetics, accumulation of [Ca 2ϩ ] m during changes in ⌬[Ca 2ϩ ] c amplitude or frequency 4, 13, 15 resembled the diastolic increase of [Ca 2ϩ ] m in the present study.
Evidence for a Mitochondrial Ca 2؉ Microdomain
In cardiac myocytes, different subcellular microdomains display substantially different Ca 2ϩ concentrations and kinetics. 12, 23 Ca 2ϩ enters the cell through L-type Ca 2ϩ channels (I Ca,L ), triggering SR Ca 2ϩ release into the junctional cleft (Ca 2ϩ -induced Ca 2ϩ release [CICR]) via the ryanodine receptor (RyR2 subtype). 12 This induces a brief junctional Ca 2ϩ transient that reaches Ϸ50 to 100 mol/L. 12, 23 Junctional Ca 2ϩ decays rapidly by diffusing into the bulk cytosol ([Ca 2ϩ ] c ), where it peaks later and at much lower concentrations than in the cleft. 23 Because indo-1 reports [Ca 2ϩ ] c primarily from the bulk phase, the earlier peak of [Ca 2ϩ ] m compared with [Ca 2ϩ ] c in our study indicates that mitochondria may sense an early increase of [Ca 2ϩ ] in a microdomain that is closer to the SR Ca 2ϩ -release sites than the bulk cytosol. In fact, electron micrographs show that most mitochondria are located within 40 to 300 nm from the dyad and may be exposed to [Ca 2ϩ ] in the range of 30 to 50 mol/L, 24, 25, 27 which would be sufficient to activate the MCU (K m for Ca 2ϩ Ϸ10 to 20 mol/L). 8, 10 Although the molecular identity of the MCU is still unresolved, and other Ca 2ϩ -transporting systems in the inner mitochondrial membrane have been proposed (see the online data supplement for detailed discussion), we investigated whether our experimental results could be reproduced in a computer model of mitochondrial bioenergetics and Ca 2ϩ handling 5 without modifying the basic formulations of the MCU and mNCE. Pulses of Ca 2ϩ resembling those expected to be encountered in a mitochondrial Ca 2ϩ microdomain [23] [24] [25] ([Ca 2ϩ ] MD ) were simulated with an exogenous Ca 2ϩ spike function with peak [Ca 2ϩ ] of either 10 or 20 mol/L for a duration of 50 ms ( Figure 8D ). These pulses of [Ca 2ϩ ] MD elicited rapid [Ca 2ϩ ] m transients. An increase of either [Ca 2ϩ ] MD amplitude ( Figure 8A ) or frequency ( Figure 8B ) independently increased diastolic [Ca 2ϩ ] m . An increase in both amplitude and frequency of the pulses potentiated diastolic [Ca 2ϩ ] m accumulation ( Figure 8C) . These simulations are in qualitative agreement with our experimental results and lend support to the hypothesis that mitochondria sense [Ca 2ϩ ] in a microdomain, rather than the bulk [Ca 2ϩ ] c . This interpretation is consistent with reports that caffeineinduced [Ca 2ϩ ] m transients 24, 25 or mitochondrial Ca 2ϩ sparks ("Ca 2ϩ marks") 26 can be observed even when the diffusion of Ca 2ϩ released from the SR is restricted by the presence of exogenous Ca 2ϩ buffers.
Influence of Mitochondrial Ca 2؉ Uptake on EC Coupling
In the present study, partial inhibition of mitochondrial Ca 2ϩ uptake by Ru360 increased the amplitude of [Ca 2ϩ ] c transients and slightly elevated diastolic [Ca 2ϩ ] c . Similar effects were observed in mouse myocytes treated with Ru360 35 or shortly after dissipation of ⌬⌿ m with mitochondrial uncouplers. 18 In our experiments, above a threshold of ⌬[Ca 2ϩ ] c ϭ519 nmol/L, the Ru360-sensitive component of ⌬[Ca 2ϩ ] c followed the equation yϭ0.8xϪ417 nmol/L ( Figure 3D ). If we consider that 10 nmol/L Ru360 inhibits ⌬[Ca 2ϩ ] m by 66% at a ⌬[Ca 2ϩ ] c of 1 mol/L, we estimate that the beat-dependent rapid buffering effect of mitochondria decreases the steady-state [Ca 2ϩ ] c transients by Ϸ36%. A previous report determined that mitochondria buffer Ϸ26% of the Ca 2ϩ released from the SR in H9c2 myotubes. 27 However, other studies, 12, 14, 36 including our own, 37 suggested that mitochondria contribute only Ϸ1% to the removal of [Ca 2ϩ ] c . The latter studies focused on the removal of [Ca 2ϩ ] c well after Ca 2ϩ was released from the SR, perhaps not taking into account that mitochondria might already take up Ca 2ϩ during the early phase of SR Ca 2ϩ release. 24 -26 As a technical limitation, it should be noted that the indirect assessment of Ca 2ϩ taken up by mitochondria ( Figure  3D ) based on the Ru360 effects relies on comparisons of [Ca 2ϩ ] c in unpaired cells and under steady-state conditions. Furthermore, because rhod-2 as an indicator for [Ca 2ϩ ] m was not calibrated, the current results do not allow a precise quantification of the magnitude of the fluxes across the inner mitochondrial membrane on each beat. Further studies will have to clarify these quantitative aspects in more detail.
Nevertheless, rapid buffering of [Ca 2ϩ ] c by mitochondria is likely to play an important physiological role, because in a recent study, mitochondrial Ca 2ϩ uptake preserved "local control" by preventing the propagation of SR Ca 2ϩ release after caffeine application in mouse myocytes. 35 In this context, our observation that the frequency of extrasystoles increased in the presence of isoproterenol and Ru360 ( Figure  3A ) warrants further investigation as to whether impaired mitochondrial Ca 2ϩ uptake could contribute to arrhythmias.
Bioenergetic Consequences of Mitochondrial Ca 2؉ Uptake
To elucidate the bioenergetic consequences of mitochondrial Ca 2ϩ uptake during EC coupling, we measured NADH together with [Ca 2ϩ ] m . When [Ca 2ϩ ] c transients were gradually increased by cumulatively increasing isoproterenol, the redox state of NADH was maintained at 5 mmol/L [Na ϩ ] i ( Figure  6C ). However, when an abrupt change of workload was simulated by pacing myocytes at 4 Hz in the presence of isoproterenol, NADH was initially oxidized, followed by a recovery phase that paralleled mitochondrial Ca 2ϩ uptake (Figure 7) . In previous studies, Brandes and Bers 3,4 observed a similar phenomenon in rat cardiac trabeculae, which could be reproduced by computational modeling. 5 These findings can be explained by the abrupt increase of work initiating ATP hydrolysis, which increases the availability of ADP and P i to stimulate ATP production by the F 1 F 0 -ATPase at the expense of ⌬ H (see also Figure 1 ). Consumption of ⌬ H (rather than an increase of [Ca 2ϩ ] m ; see also the online data supplement) immediately stimulates electron transport, proton pumping, and the rate of NADH oxidation at the onset of work ( Figure 7A, bottom) . At the same time, the increase of amplitude and frequency of [Ca 2ϩ ] c transients promotes mitochondrial Ca 2ϩ uptake ( Figure 7A, top) , activating key dehydrogenases of the TCA cycle to facilitate (re-)reduction of oxidized NAD ϩ . 1, 5, 7, 8 This explains the recovery of NADH in parallel with the [Ca 2ϩ ] m increase [3] [4] [5] (Figure 7A, bottom) . When workload is withdrawn, the availability of ADP to the F 1 F 0 -ATPase abruptly decreases, and the rate of NADH oxidation decreases. Because [Ca 2ϩ ] m is still elevated, the turnover of the TCA cycle remains increased, producing the typical overshoot of NADH ( Figure 7A, bottom) . NADH normalizes when [Ca 2ϩ ] m decreases back to baseline.
Effect of Elevated [Na ؉ ] i on Cytosolic and Mitochondrial [Ca 2؉ ]
The physiological range of [Na ϩ ] i in resting cardiac myocytes is Ϸ5 to 15 mmol/L and is species dependent. 31 Whereas in small animals with high heart rates (ie, mice and rats), [Na ϩ ] i is 10 to 15 mmol/L, larger animals (including guinea pigs) have [Na ϩ ] i between 5 and 10 mmol/L. 31 Under physiological conditions, [Na ϩ ] i rises by several millimoles per liter in response to an increase of heart rate. 30, 38 Under pathological conditions, [Na ϩ ] i is elevated at all stimulation frequencies in cardiac hypertrophy and failure. 29 -31 An increase of [Na ϩ ] i increases SR Ca 2ϩ load (and thus ⌬[Ca 2ϩ ] c ) by decreasing forward-mode Ca 2ϩ extrusion and enhancing reverse-mode Na ϩ /Ca 2ϩ -exchange activity during the action potential. 29, 39, 40 In our experiments, elevation of [Na ϩ ] i from 5 to 15 mmol/L increased ⌬[Ca 2ϩ ] c Ϸ1.5-fold under basal conditions, or at low concentrations of isoproterenol (supplemental Figure X) . This increase was similar to previous studies showing an approximate doubling of ⌬[Ca 2ϩ ] c in [Na ϩ ] i -loaded cells at 1 Hz. 39, 41 The effect of high [Na ϩ ] i on ⌬[Ca 2ϩ ] c was less pronounced during maximal ␤-adrenergic stimulation, because SR Ca 2ϩ load is expected to be already near-maximally elevated (supplemental Figure  X) .
Increasing [Na ϩ ] i from 5 to 15 mmol/L accelerated the decay of [Ca 2ϩ ] m , which is presumably related to an increased electrochemical gradient driving the exchange of cytosolic Na ϩ for intramitochondrial Ca 2ϩ via the mNCE (K d for [Na ϩ ] i Ϸ5 to 12 mmol/L 5, 42, 43 ) and is consistent with experiments on isolated mitochondria. 43, 44 Unexpectedly, the upstroke velocity and amplitude of [Ca 2ϩ ] m transients were substantially decreased. In simulations of [Ca 2ϩ ] m dynamics defined by fast uptake through the MCU and slower efflux through the mNCE (Figure 8 ), the effect of high [Na ϩ ] i on the rising phase of the [Ca 2ϩ ] m transient could not be reproduced by acceleration of mNCE alone. Understanding this finding will require further investigation (several possibilities are discussed in the online data supplement).
The effects of elevated [Na ϩ ] i on the amplitude and decay velocity of [Ca 2ϩ ] m transients resulted in decreased diastolic accumulation of [Ca 2ϩ ] m ( Figure 5B ). Keeping in mind the frequency dependence of [Na ϩ ] i , 30,38 a physiological implication of this observation in vivo may be that increased [Na ϩ ] i at higher heart rates prevents mitochondrial Ca 2ϩ overload, potentially protecting mitochondria from a permeability transition and cell death. 45 In this context, the higher resting [Na ϩ ] i in species with higher heart rates may play a similar role. For example, rapid [Ca 2ϩ ] m transients have been observed in intact guinea pig, but not rat cardiac myocytes. 46 
Effect of Elevated [Na ؉ ] i on Mitochondrial Energetics
The basal redox state of mitochondrial NADH was not different at 5 versus 15 mmol/L [Na ϩ ] i . However, when workload was increased either continuously ( Figure 6 ) or abruptly (Figure 7) , NADH was partially oxidized at 15 mmol/L [Na ϩ ] i , whereas it was maintained at 5 mmol/L [Na ϩ ] i . The underlying mechanism is presumably a lack of Ca 2ϩ -induced stimulation of TCA cycle dehydrogenases attributable to less mitochondrial Ca 2ϩ uptake at higher [Na ϩ ] i .
Conclusions
The results of our study suggest that during EC coupling, elevated [Na ϩ ] i reduces rapid mitochondrial Ca 2ϩ uptake and oxidizes the NADH/NAD ϩ redox potential. In the failing heart, [Na ϩ ] i is elevated, 29 -31 and SR Ca 2ϩ release is decreased. According to our results, both processes would diminish mitochondrial Ca 2ϩ uptake and NADH production. On the other hand, elevated heart rate and increased preload may increase the energy demand of the failing heart. We propose that this energetic mismatch may contribute to energy starvation of the failing heart, 47 which eventually leads to progressive myocardial injury and decompensation of cardiac function.
